It is well documented that placental macrophages show lower levels of HIV-1 infection than monocytederived macrophages (MDM). We used proteomic methods to test the hypothesis that placental macrophages secrete different proteins as compared to MDM that may contribute to decreased HIV-1 replication. Placental macrophages and MDM were cultured for 12 days and supernatant was collected. To characterize supernatants, the protein profiles of placental macrophages and MDM were compared using the protein chip assay. Subsequently, proteins were separated by one-dimensional gel electrophoresis and identified by tandem mass spectrometry at the corresponding mass to charge (m/z) range of 5000-20,000. Significant differences were found between placental macrophages and MDM in seven protein peaks with m/z values of 6075, 6227, 11, 662, 14, 547, 6158, 7740, and 11,934 on the CM10 and IMAC chips. After sequencing and identification, five proteins were validated for differential expression in placental macrophages and MDM by Western blot analyses. Peroxiredoxin 5, found to be more abundant in placental macrophage supernatants, is important in the cellular antioxidant mechanisms, and other members of its family have shown antiviral activity. Cystatin B was less abundant in PM supernatant, and decreased intracellular levels have recently been shown to be associated with lower HIV-1 replication in placental macrophages than in MDM. This study elucidates for the first time the placental macrophage secretome corresponding to 5000-20,000 Da and advances our understanding of the proteins secreted in the placenta that can protect the fetus against HIV-1 and other viral infections.
Introduction
The placenta is a natural barrier to numerous bacterial and viral infections. It is known that viruses like Hepatitis B, C, and Herpes Simplex have a very low rate of transmission across the placenta [1] . Even HIV-1 which is known to cross the placenta has a low rate of vertical transmission ranging from 10% to 25% without antiviral treatment [2] . Studies done on infants born to HIV-1 positive mothers suggest that 80% of transmissions occur at the moment of birth [3] . This demonstrates that the placenta limits viral replication including HIV-1.
Immune cells in the maternal-fetal interface are specialized for this environment, and have been shown to possess different phenotypes than their counterparts in the blood [4] [5] [6] . A number of placental products have been found to inhibit bacterial growth and viral replication [7] [8] [9] [10] , suggesting that factors produced by placental cells are important in the protection of the fetus against infection. Soluble suppressor factors are important innate defenses because they are able to inhibit viral replication without killing the cells. Soluble factors can inhibit different cells and viral strains simultaneously.
Inside the placenta the primary cells involved in the defense against infections are the placental macrophages (PM) [11] . Despite their protective role these cells are the primary targets for HIV-1 in the placenta. They can be productively infected with HIV-1 laboratory strains and primary isolates and express CCR5 and CXCR4 co-receptors [12] [13] [14] [15] [16] [17] [18] . However, PM are less susceptible than monocyte-derived macrophages (MDM), express lower levels of CD4 [12] and CCR5 co-receptors that may contribute to decreased susceptibility [19] When stimulated with LPS, PM produce fewer pro-inflammatory cytokines than do MDM. Despite these differences, the level of PM cytokines does not correlate with HIV-1 production [17] . However, PM and MDM produce similar levels of b-chemokines, suggesting that chemokine levels do not contribute to decreased HIV-1 replication [19] . We hypothesized that PM produce different levels of other soluble proteins than do MDM, some of which could contribute to their decreased susceptibility to HIV-1 infection. To test this hypothesis, we utilized surfaceenhanced laser desorption ionization time of flight (SELDI-TOF) protein chip assays and LC-MS/MS sequencing to compare protein profiles from PM and MDM supernatants. We found differences in the expression of several important soluble proteins that could provide insights into the mechanisms of inhibition occurring in the placenta.
Materials and methods

Isolation and culture of PM
Full-term placentas from HIV-1, HIV-2 and Hepatitis B seronegative healthy mothers were obtained from the San Juan City Hospital. Placentas with chorioamnionitis were not collected for the study. This study was approved by the University of Puerto Rico Medical Sciences Campus IRB and considered exempt, as there were no identifiers. PM were isolated following the method described before [20, 16] . This method yields >90% macrophages [17] [18] [19] . In short, several lobules were perfused for 45 min via the fetal side using a solution containing 90% PBS, 5% antimycotic (Sigma, St. Louis, MO), and 5% heparin (1000 U/mL Sigma) in order to eliminate maternal blood. PM were isolated by various enzymatic digestions followed by Ficoll density gradient centrifugation. Cells were then seeded in a 75 cm 2 flask at a concentration of 1.5 Â 10 6 cells/mL and supplemented with monocyte medium (70% RPMI, 10% human serum, 20% FBS (Sigma)). Culture medium was exchanged at days 6 and 12 of culture. Cells were washed four times with PBS and cultured in serum-free Dulbecco's modified Eagle's medium (DMEM) (Invitrogen) for 24 h prior to supernatant collection for proteomic analysis. PM cultures were monitored for cytopathic effects.
Isolation and culture of MDM
Peripheral blood mononuclear cells (PBMC) were obtained from the blood of HIV-1 seronegative donors by Ficoll density gradient centrifugation. Cells were plated at a concentration of 1.5 Â 10 6 cells/mL per flask and cultivated in monocyte medium (70% RPMI, 20% FBS, 10% human serum). Monocytes were purified by preferential adherence. Culture medium was exchanged at days 6 and 12 of culture. Cells were, washed four times with PBS, and cultured in serum-free DMEM for 24 h prior to supernatant collection for proteomic analysis. Visual inspection showed adherent cells with no cytopathic effects and the typical elongated morphology at the time of supernatant collection.
Sample processing for SELDI-TOF profiling
Collected supernatants were centrifuged at 300 Â g for 10 min to remove cells from the fluid. Samples were dried and concentrated by centrifugation using a Speed Vac. After concentration, pellets containing proteins were resuspended in lysis buffer (5 mM Tris-HCl buffer, pH 8.0, 0.1% Triton X-100) and dialyzed overnight against water at 4 C using QuixSep Ò micro dialyzers (Membrane Filtration Products
Inc., Seguin, TX). Protein concentration was determined by using the Bio-Rad BCA assay (Bio-Rad, Hercules, CA).
SELDI-TOF profiling
Protein Chip Ò analysis was performed using CM10 (weak cationic exchange) and m/z and peaks were analyzed using the Biomarker Wizard provided within the Protein Chip Ò software 3.2. Each sample was run in quadruplicate.
1D SDS-PAGE and trypsin digestion
PM and MDM supernatant fractionation by SDS-PAGE was performed using NuPAGE 12% gradient gel (Invitrogen, Carlsbad, CA). Twenty (20) mg of protein was loaded per lane. After running, the gel was fixed overnight, stained with Coomassie BB (Bio-Rad) for 3-4 h, destained, and digitized using a scanner. Bands were excised from the gel, stored in micro-tubes, and dried by washing two times with 10 mL of ACN. Samples were dried on a vacuum concentrator and distained with 50%, 50 mM NH 4 HCO 3 /50% ACN, and 10 mM NH 4 HCO 3 /50% ACN, dried and incubated with trypsin (Promega, Madison, WI) overnight at 37 C. Peptides were extracted by washing gel pieces with 60% ACN and 0.1% trifluoroacetic acid (TFA), transferred to a glass tube and dried. Samples were purified using C18 Zip Tip (Millipore, Billerica, MA) before LC-MS/MS analysis.
Protein identification
Samples were resuspended in 0.1% formic acid (EMD Biosciences) in HPLC-grade water and peptides were sequenced using an LTQ XL system with a Proteome X configuration (Thermo Electron Corporation, San Jose, CA) as previously described [21] . Data obtained from the LC-MS/MS analysis were matched against the NCBI human fasta protein database using BioWorks 3.2SR (ThermoElectron, Inc.). Protein identifications were accepted as true positives using the following criteria: BioWorks Ò unified score ! 3000, X corr for singly charged precursor ion ! 2, X corr for doubly charged precursor ion ! 2.5, X corr for triply charged precursor ion ! 3, DC n ! 0.3, and containing more than 60% of fragment ions per sequenced peptide.
Western blot and ELISA analyses
Samples were separated on 10-20% Tris-HCl Ready Gel and later transferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA) using the semi-dry transfer system. After transfer, the membrane was incubated in blocking buffer (3% BSA in Tris-Buffered Saline þ Tween 20 (Fisher)) overnight at 4 C. Membranes were incubated at 4 C overnight with the following primary antibodies: monoclonal mouse anti-human peroxiredoxin 5 (AbCam Cambridge, MA, 1:500), polyclonal rabbit anti-human D4-GDI (BD Bioscience, San Jose, CA, 1:1000), and polyclonal rabbit anti-human enolase-1 (Santa Cruz Biotechnologies, 1:2000). Membranes were incubated for 1 h at room temperature with horseradish peroxidase enzyme (HRP)-conjugated secondary antibody at a 1:5000 dilution. Secondary antibodies used were goat anti-mouse (Santa Cruz Biotechnologies, Santa Cruz, CA) and goat anti-rabbit (Pierce, Rockford, IL). Proteins were detected using the Supersignal West Femto system (Pierce). Signal and density of the bands were analyzed using the VersaDoc Imaging System (Bio-Rad Laboratories). Uniformity of the bands was confirmed by Ponceau S staining of the membranes.
MIP-4 levels in PM and MDM supernatants were measured by ELISA using a commercially available CytoSet (Biosource). Assay conditions were as described by the manufacturer.
Statistical analyses
For analysis of SELDI-TOF spectra, data from the Biomarker wizard were exported to Microsoft Excel and then analyzed using SAS Ò software 9.0 (SAS Institute, Cary, NC). Analysis of variance (ANOVA) was used to identify peaks with significant differences in the distribution of intensity scores among the groups. The raw intensity values were transformed using the following function:
where 'X' is the observed intensity. This was done to stabilize the intensity variance and make the data more normally distributed. It has the advantage (over a log-transformation) that allows negative intensities [22, 23] . Each comparison was made using generalized estimating equations (GEE) to account for the correlation among sample replicates by applying the exchangeable correlation structure. The significance level was specified to be 0.05.
For Western blot analyses, an unpaired two-tailed Student's t test was used to compare the densitometry values of the blots obtained from Quantity One Software (Bio-Rad), and the results were displayed as mean plus one standard error of the mean (SEM). The significance level was specified to be 0.05.
Results
Protein profiling
In order to investigate the natural resistance of PM to HIV-1 infection, culture supernatants from PM and MDM collected at day 12 of culture were analyzed using SELDI-TOF to determine protein profiles. The CM10 (weak cationic exchange) and IMAC30 (metal affinity) protein chip arrays were used since these yielded spectra with increased resolution and intensity. Samples from 4 PM and 4 MDM cultures were analyzed using the CM10 chip array. Analysis of the spectra shows significant differences between the two cell types in the expression of four protein peaks with an m/z of 6065, 6227, 11,661, and 14,547. Representative spectra from PM and MDM samples for each differentially expressed peak are shown (Fig. 1A-C) . The protein peak of 6065 was underexpressed in PM, and the protein peaks of 6227, 11,661, and 14,547 were overexpressed in PM as compared with MDM (Fig. 1D) . Using the IMAC30 chip array samples from 5 PM and 5 MDM cultures were analyzed and significant differences in the expression of three protein peaks were found. Representative spectra from PM and MDM samples for each differentially expressed peak are shown ( Fig. 2A and B) . The protein peaks with an m/z of 6158 were underexpressed in PM and the 7740 and 11,934 peaks overexpressed in PM as compared with MDM (Fig. 2C) .
Identification of differentially expressed proteins
SELDI-TOF profiling showed differentially expressed peaks between PM and MDM samples. On the basis of these findings, we proceeded to separate supernatants from both cell types by 1D SDS-PAGE in order to identify differentially secreted proteins. After separation, bands corresponding to the molecular weights of interest found by SELDI-TOF were excised. These bands were then digested with trypsin and peptides were sequenced by LC-MS/MS. Proteins were identified with high confidence following the parameters described in Section 2. In total, 148 proteins were identified. Table 1A shows proteins that were common to both groups and that were identified with at least two peptides. 
Validation of differentially expressed proteins
After protein identification we chose four proteins for validation (peroxiredoxin 5, MIP-4, Rho-GDI 2, and a-enolase) that were differentially expressed by tandem mass spectrometry and one (Cystatin B) for which the relative abundance of sequenced peptides was higher in MDM supernatants (Fig. 3 ). Proteins were 
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selected if they were identified with high confidence in samples from at least two donors, and based on their relationship to the immune response. Cystatin B was chosen based on previous studies that found it to be more abundant in MDM than PM cell lysates [24] . Western blot analysis showed peroxiredoxin 5 to be significantly more abundant in supernatants from PM than from MDM ( Fig. 3A  and B) , whereas cystatin B was found to be significantly more abundant in MDM supernatants (Fig. 3C and D) . However, Rho-GDI 2 and a-enolase were found to be in equal abundance in supernatants of both cell types (Fig. 3E-H) .
The results from MIP-4 ELISA showed that MDM supernatants have significantly higher levels of this protein than do PM supernatants (Fig. 4) .
Discussion
This study is unique because it explores the secretome of PM, an important cell type that protects the fetus against infection during pregnancy. By applying ''state of the art'' proteomics approaches to compare the secretomes of PM and MDM, we could identify novel soluble factors that would help to elucidate the role of PM in the inhibition of HIV-1 infection occurring in PM and gain a better understanding of the mechanisms of HIV-1 restriction in macrophages. Supernatant from PM in their basal state was used in this study because we wanted to characterize the PM secretome as it would be in a normal placenta. Proteomics has been used successfully to study the proteome and secretome of HIV-1- infected macrophages [21, 25, 26] . In the latter work the authors found differences between control and HIV-1-infected MDM in secreted proteins having a wide range of functions including structural, redox, enzymatic and regulatory functions. In the current study, we explored differences between PM and MDM using SELDI-TOF technology as an initial screening tool since it allows us to rapidly screen the secretome of the cell at the 5-20 kDa m/z range. Using this technology, we identified seven differentially expressed protein peaks, a finding that confirms our hypothesis that PM and MDM secrete different proteins. The majority of these peaks (71%) were seen overexpressed in PM. Differences were seen in metal-binding and positive-charged proteins, which may have a diverse range of biological functions. After confirming our hypothesis by using SELDI-TOF, we proceeded to separate PM and MDM samples by 1D SDS-PAGE and sequenced the trypsinized samples corresponding to the SELDI-TOF area of interest by LC-MS/MS in order to identify differentially expressed proteins between the two cell types. Five proteins were chosen for validation on the basis of their absence in one cell type relative to the other and their importance in immune processes. Western blots of two of the proteins, a-enolase, which has been found to be increased in MDM after HIV-1 infection, and Rho-GDI 2, important in signal transduction in T-cells and macrophages, showed similar abundance in supernatant from PM and MDM. However, peroxiredoxin 5 was found to be significantly more abundant in supernatant from PM. Peroxiredoxins (Prxs) are a family of antioxidant molecules that eliminate H 2 O 2 from the cell by transferring electrons from thioredoxin. Prx 5 has been found to be widely distributed in mammalian cell lines and to be localized to the cytosol, mitochondria, and peroxisomes [27] . It has also been shown to be secreted by THP-1 cells, a monocytic cell line [28] . Peroxiredoxin 3 was found to be up-regulated in mouse placenta upon stimulation with LPS, suggesting a role for Prxs in inflammatory processes in the placenta. Prxs are important in a wide variety of diseases including HIV-1. Prxs 1, 2, and 4 have antiviral activity against HIV-1 [29, 30] . Prxs 1 and 6 were found to be associated to HIV-1 virion, and T-cells from HIV-1-exposed uninfected individuals express higher levels of Prx 2 [31, 32] . Prxs suppress TNF-a-induced NF-kB transcriptional activity [33] , and this has been suggested as the mechanism for their antiviral activity since NF-kB is the main activator of viral transcription [29, 30] . Prx 5 has been found to negatively regulate TNF-a signaling, and so it could also suppress NF-kB activity. Thus higher expression of Prx 5 in PM could be one of the mechanisms by which HIV-1 replicates inefficiently in these cells.
The finding that cystatin B was more abundant in MDM supernatant confirms previous results using MDM and PM cell lysates found in our laboratory. In that study, downregulation of cystatin B in MDM, using siRNA, significantly reduced HIV-1 replication in these cells, thus suggesting a role for this protein in promoting HIV-1 replication [24] . Cystatin B has also been found to be secreted in higher quantities by HIV-1-infected macrophages than by uninfected controls [21] . This protein increases nitric oxide production in macrophages, and it has been suggested that it does so by upregulation of TNF-a [34, 35] . In addition, previous studies have shown that nitric oxide synthesis enhances HIV-1 replication in macrophages and HIV-1-infected T-cells [36, 37] . All of these results suggest that lower expression of cystatin B in PM could impair their capacity to replicate HIV-1.
MIP-4 (also known as CCL18) was found in higher levels in MDM supernatant. This protein is chemotactic for CD4þ and CD8þ T-cells [38] and has been found to activate macrophages [39] . MIP-4 was identified in more PM samples but was found by ELISA to be increased more in MDM than in PM. This confirms that LC-MS/MS is very good as an identification method but that protein abundance should be validated by other methods such as Western blot or ELISA.
Taken together, these results are important since for the first time we have elucidated the secretome of PM as compared with MDM and uncovered proteins that could contribute to HIV-1 restriction in the placenta. Future investigations in our laboratory will study the secretome of HIV-1-infected PM as compared to HIV-1-infected MDM in order to determine the effects of the virus on these cells. This will also give us insight into the mechanisms occurring in PM that lead to its lower susceptibility to HIV-1 replication. Proteomics offers novel ways to study the cells in different tissues and allows us to further understand the role of the placenta in fighting infection and protecting the fetus. 
